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ABSIRACT

(Distribution Limitation Statement No., 2)

Water additive solutions were tested for relative effectiveness in re-
ducing friction loss in turbulent flow. Polyox FRA and Separan AP 273 were
judged superior in performance in a comparison of five candidate additives.

A maximum increase of 2,5 in flow rate factor was attained in a simple
gravity fed system. A subsequent test of Polyox FUA in a simulated sprink-
ler system showed no significant change in flow, This failure is believed

to be due to faulty mixing. Methods to overcome this experimental difficulty
are recommended,
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SECTION I

TNTRODUCT ION

The discovery that water soluble polymers at concentrations on the order
of 25 ppm can decrease friction loss in pipes by more than 70 percent has
generated considerable Interest in the fire prctection professfon. The in-
centive to develop chemirally induced friction reduction stems from both eco-
nomic and technical reasons, The use of smaller diameter pipes for achieving
the same bulk flow rate with dilute additive solutions {as compared with
water aione in larger diameter pipes) indicates a potential economic benefit,
Alternatively, Increased sprinkler density afforded by use of these addfitives
clearly strengthens the potential system effectiveness. It fis felt that a
combination of these advancages is possible in large warehouse protection,

A brief literature survey and a description of several purported mecha-
nisms by which these additivee achieve fuproved effectiveness has been des-
cribed in an earlier FM report . Much of this previously reported infor-
mation need not be repeated here.

In this work emphasis hLas been placed on the appiication and performance
of additive, rather than on detailed mathematical interpretations of perfor-
mance characteristics.
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SECTION 1I

BACKGROUND

The vercent uf friction loss or drag reduction, R, is defined as

R =|f - f‘*]x 100
f 1

where f and fa are the friction factors for solvent and polymer solutiecns
respectively, It is knowa that R depends on

1) the molecular weight and structure of the polymer;
2) concentration of polymer;

3) Reynolds number; and

4) pipe diameter.

It is known that effective drag reducers are soluble in water, are
strafght chain in structure, and have molecular weights on the order of
106, The dependence of R on concentratiens is typically linear up to R
values of 70-80 percent. at which point a further increase in additive
concentration is without signiiicant effect. The more effective addi~
tives achieve this plateau at concentrations on the order of 25 wt, ppm.
The Reynolds number and the diameter afford guidelines to the lower limite
of flow rate where drag reduction may be expected. The Reynolds number {is
defined as

VD
Ne= (2)

where V fs the velocity, D the diameter and u the kinematic viscosity. It
has been demonstrated repeatedly that drag reduction can only take place
when the flow is turbulent. No known polymers produce drag reduction when
the flow is laminar. For turbulent flow the Reynolds number must be
greater than 2100. 1In addition, the smaller the diameter, the lower is
the Reynolds number at which drsg reduction can be obscrved. The point of
incipient drag reduction has been characterized by assigning to it a so-
called "critical Reynolds number,'" Npjer. At this point the energy dissi-
pation of high-frequency disturbances associated with swall eddies is sup-
pressed. The erergy that would normally be lost is converted into recover-
able elastic energy. This marks the onset of drag reduction. It can be
shovn both theoretically(2)and experimentally(3,4) that

Neyer ~ D°/7 3)

Equation (3) indicates that incipient drag reduction in a l-in. dia-
meter pipe at, say, Ny 5 x 103 would not begin in a 12-in. diammeter pipe
until Ng=o~ 8.6 x 104, Similarly, a pipe flow affording 70-percent drag
reduction at NR; ana dianeter D) would be expected to show approximately
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the same reduction in 2 second pipe of diameter D2 when

8/7
NRZQ NR1 (DZ/DI)

Tuis diamerer dependence is not considered a detrimental limitation on
a conventional sprinkler system since the Reynolds numbers associated with
realistic flow rates are sufficiently high to ensure substantial drag re-
duction,

Figure 1 shows Np plotted against R for several polymers and pipe
diameters. It is seen that a family of curves can be generated by varying
pipe J(iameters. The figure also shows a monotonic envelope of maximum at-
tainasle drag reduction. The envelope was derived from the equations showing
friction factor dependence on NR for the twe limiting cases of fully turbu-
lent and laminar flow (Newtonian models). It is based on the ratio of fric-
tion factor for turbulent flow to vhat for leainar, viz:

R =| T Y x 100

vhere frT and fy, are the friction factors for turbulent and laminar flow. At
the intersection of the curves describing these two types of flow

(near Ngp =~ 21C00), fr = f1 and the value of Rmyx i8 zero. The quantity
fT - £y increases with increasin, Ng, and hence, the value of Rypax increases.

On this baris, an ~rdditive that achieved complete suprressicn of turbulence
would attzin maximum drag reduction. Measured values of f would then fall on
the graph cf the equatfon describing purely laminar flow. The "forbidden re-
gion" of Figure 1 represents an area that is theoretically and experimentaliy
unattainable.

Two different diameter Polyox tests are ghown in Figure 1. Both tests
yvielded data points lying on the envelope. When the drag reducing efficiency
of an additive is as high as these reported values, the effect of diameter
becomes less important. Indeed, the dependence may become undetactable for
the smaller diameter pipes.

The experimental determination of NR)¢r for a given pipe diameter also
depends on concentration of the polymer and on i:s chemical composition,
Similarly, percent drag reduction for NR > Np)cr will alsc depend on these
parameters. For a given pipe diameter, the percent drag reduction, beginning
at zero for NR)c¢r, increases with Reynolds number. Again a pivreau effect
occurs at high Reynclds numbers,

The Reynolds numbers associated with 32 heads operating at 0.3 density
in an ordinary hazard sprinkler system is shown in Figure 2. Thils system is
a repregentative section of a Robins Air Fcrce Base warehouse sprinkler
system. It is seen that the values of NR associated with the various dia-
meters are large and fall within the graphical region in Figure 1 where large
drag reduction woulc be expected for poly(ethylene oride) and cther effective
additives.
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Calculations by the Naval Undersea Research and Development Center for
the Los Angeles County Fire Depirtment indicate that a 70-percent drag re-
duction will result in an 80-percent higher volume of flow through hose (5).
Although essentially correct, this calculated increase is not entirely
achieved in reali.y because the added flow causes slightly increased pressure
losses within the pipe and the discharging port.

Differences in the performance of additive solutions and water as a
function of elevation need not be considered because the density change of
investigated cuemical additives is negligible, compared to water. Losses
due to elevation would be essentially equal, with or without an additive.

Introduction of an agent into the system reduces losses foi the es-
tablished velocity. The pressure at the port is fncreased by this reduction
factor allowing an increased discharge rate. It follows that increasing
this port velocity proportionally increases the velocity in the pipe and
hence contributes to friction losses, although to an extent far less for the
additive sclutions than for water.

Tests carried out by the New York City Fire Department(G) have shown
that 50 percent more water can be pushed through a 1-1/2 in. 1line on a pumper
truck by using a 5U ppm Polyox proportioning device, The throw is doubled
and the pump pressure is reduced 20 percent.

-6~
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SECTION IIIL

EXPERIMENTAL PROGRAM

1. ADDITIVE SCREENING

a, Test Procedure

Dr=g reduction measn~ements have been carried out on Polyox FRA,
Separan AP 273, carboxymethyl cellulose [CMC), Polyhall 295, and Gantrez HY-H.
The test procedure used in the screening investigation consisted of a 55-gal
reservoir supplying a 22-ft secticn of 0,622-in, diameter test pipe by gravity
feed through a 2.5~in, diameter rubber-lined hose (Figure 3). The diameter of
the hose was chosen significantly larger than the test pipe to maximize
pressure drop In the latter section. A differential mercury manometer and a
pair of piezometer rings were used to measure the pressure drop over a 2U-ft
section of pipe. The upstream piezometer ring was attached approximately 2
ft from the hose/pipe junction to ensure a fully developed velocity profile.
A gate valve located at this junction permitted throttling to hold the pressure
drop constant and make comparative flow rate measurements.

A gravity fed system was selecied in preference to a pump in order to
minimize mechanical shear degradation effects which ave known to decrease the
effectiveness of some additives(7,8,9,10), solutions were prepared by dis-
solving 2 to 20 grams of the polymer additive into 0.75 gal of water* and
diluting this concentrated solution to obtain the 50 zal of feed solution.
The effluent passing through the test pipe was collected over known time in-
tervals and weighed to determine the gpm. Efflueat was discarded after each
run, Water was used to purg2 the sys.em between polymer solution tests.
Purging was maintained until the level of mercury in the differential mano-
meter indicated the nommal 27 in. for water at a hydrostatic head of 34 ft.
Temperature measurements were made during the run by immersion of a C,1°C.
precision thermometer in the effluent solution. Turbulent flow was es-
tabliched in the range of Reynolds numbers between 3 x 10% to 8 x 104,

The volume of hose and pipe was approximately 30 pe cent of the volume
of the reservoir. The polyuers were mixed in the reservoir and did not pene-
trate to any noticeable extent into the hose and pipc space which was always
occupied by water prior to testing to proLect the manometer lines from air
entrapment. A consequence of this experimental procedure was that approxi-
mately two minutes elapsed before the polymer solution flushed out the water
and reached a steady state flow condition,

A second part of the screening program involved preliminary testing of
the solubilization rates of the polymers. A simple test, designed to give
approximate indication of the rates at which the various types of particulate
polymeric material could dissolve in water, was made by sprinkling the poly-
mers over the surface of equal volumes of water and observing the time to
achieve visual dissolution.

*A small amount (30-50 ml) of isopropyl alcohol was used to make a slurry
with the additive to facilitate dissolution,
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b. Test Results

The datae obtained from this study showed that two classes of polymers
were dramatically effective in reducing friction loss: poly(ethylene oxide)
(Polyox FRA) and polyacrylamide (Separan AP 273 and Polyhall 295). On the
other hand, CMC and Gantrez actually retarded the flow rate (Table I),

The concentration dependence on flow rate for four polymers is showm
in Figure 4, It is seen that Polyox FRA is a more effective drag reducer
at lower ccncentrations than is Polyhall 295. However, at 100 ppm the two
curves Intersect. The flow Increase factor plotted on the ordinate is
directly proportional to the gpm.

Although the limit of experimental error is approximately + 5 percent,
Separan AP 273 appears to be slightly more effective than Polyox FRA over
the concencration range 50-~100 ppm.

TABLE I
FRICTION REDUCING ADDITIVES

IN TURBULENT FLOW PIPE E}PERIMENTS

T R prou—

Gate Valve Flow
Conc AP N x 10-4 (Open or Increase
Additive (WPPM)  (in. of Hg? gpm _R Partially Closed) Factor
Polyox FRA 1G0 11.7 20.0 7.8 open 2.44
" 50 12.9 20,1 7.8 open 2.45
" 25 13.6 19.5 7.6 p.c. 2.38
" 10 13.1 12.5 4.9 PeC. 1.52
Polyhall 295 100 12.4 20,0 7.8 open 2,44
" 50 12.9 18.1 7.1 P.C. 2.21
" 25 12.9 14.3 5.5 p.C. 1.74
Separan AP 273 100 12.6 20.8 8.1 open 2.54
" 50 12.3 0.7 Y] opén 2.53
Gantrez HY-H 100 27.5 i1.2 4.4 open 0,95
CMC 7MB5 100 27.2 i1.8 - open 1.00
Water 13.0 8,2 3.2 p.c. 1.00
" 27.5 11.8 4.6 open 1.00

PIPE MATERIAL: Schedule 40 Steel, Hot Dip Galvauized
PIPE DIAMETER: 0.622 in. I.D.

DISTANCE BETWEEN PIEZOMETER RINGS: 20 ft

SOLUTION SUPPLY: Gravity Fed

TEMPERATURE OF EFFLUENT: 19.5 + 0.5°C

u=1.06 x 10-> ft2 Sec -1

Solubilization rate tests were also made. In these tests the dissolving
process was governed by the diffusion rate, The order of increasing time to
dissolve was:

Gantrez HY-H < Polyhall 295 < Separan AP 273 <« Polyox FRA
(most readily soluble) (least readily soluble)
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¢, Discussion

The data show that as much as 2.5 times more water can be transported
through a pipe with an additive solution when gate valve throttling fs used
to keep the differential pressure constant froem run to run. This fact under-
scores the potential value of these additives for upgrading existing sprink-
ler systems and in reducing the cost of installing new systems,

The data obtained in these tests corroborate and extend the work done
by Heyt and Fabula{ll), The increase of 2.5 timez more flow corresponds to
an gpparent drag reduction of 83 + 4 percent, This reduction is due pre-
dominantly toc the presence of the additive (Polyox FRA or Separan AP 273),
although a small fraction can be attributed to the decrease in friction
facter which invari=bly occurs with increasing Reynolds number. Our calcu-
lations show that the maximum true drag reduction, afforded by the additive
slone, 1is actually 80 + 4 percent. Thie percentage, if plotted on Figure 1,
would lie on or close to the envelope of maximum attainable drag reduction
atNR-BxIO‘*,

The data presented in Figure 4 show that Polyox FRA, Separan AP 273
and Polyhall 295 are effective drag reducers. The general behavior of
these compounds is similar: the lower concentrations (0-50 ppm) afford
sieep increages in drag reduction with increasing concentration, whereas
at 50-100 ppm a plateau effect occurs,

Polyhall 295 shows the Int_resting property of being only 50 percent
as eflective as Polyox FRA at 25 ppm, but equally effective at 100 ppm,
At this concentration it appears to have reached a plateau in the flow in-
crease factor which is close to the maximum flow increase factors of the
other polymers, i.e., 2.5. '

Gantrez HY-H and CMC 7M85 showed a modest decrease in flow factor at
100 ppm (Table I), This retardation may be attributsble to low molecular
weight, It is known that poly(ethylene oxide), for example, is ineffec-
tive at molecular weights below 300,000, even at high Reynoclds numbers.

The solubilization rate measurements showed that Gantrez went into
solution more rapidly than the other polymers. Relatively rapid solubi-
lization is generally found in low molecular weight compounds and is cer-
tainly a possible explanation for the retardation.

Ideally, it would be most convenient if the more effective additives
could be solubilized as rapidly as, say, sugar dissolving in water. The
dissolution rate can, of course, be increased markedly by using suitable o
glurry vehicles. Isopropyl alcohol was used as such a vehicle in these .
flow experiments. Other materials such as polyvinylpyrrolidone and poly- -
propylene glycol have been uged successfully by others(5) to facilitate
dissclution,

-11-




2. SIMULATED SPRINKLER SYSTEM

a. Test Procedure

An experiment was designed to accumulete comparative data for water and
a friction reducing solution using a comparatively simple sprinkler syatem.
Based on results of experiments in III-1, poly(ethylene oxide), i.e., Polyox
FRA, was used as the additive. Specific measurements included the pressure
loas through a section of pipe, the discharge coefficient of an automatic
sprinkler nozzle, sprinkler distribution, and 4rop size of sprinkler dis-
charge,

The experimental setup consisted of a 10-ft. length of nominal one-in.
diameter, schedule 40 pipe discharging through a pendent Viking Type ¢
sprinkler suspended above a horizontal turmntable (See Figure 5)., This ~o-
tating table technique determined the average radial density. Water was
supplied from a centrifugal pump, and its discharge pressure was established
by regulating the rate of discharge through a by-pass. Velocity through the
test section was measured with a Fisher and Porter Flowrater and controlled
by a downstream valve, A weigh barrel acted as a check on the accuracy of
- the flow meter,

Additive propcrtioning was achieved by maintaining a constant-pressure
ailr cushion on a reservoir and controlling zhe rate of injection by mani-
pulating a needle valve. A liquid lewvel indicator on the reservoir acted
as a check on proportioning accuracy. A differential manometer measured
the p-essure drop over the test section of pipe, and a mercury manometer
measured the pressure maintained at the discharging sprinkler nozzle. Drop
slze measurements were made using the FMRC freezing technique. The FRA
solution was prepared by dissolving 125 grams of Polyox FRA into 50 galloms
of water. A small amount of isopropyl alcohol was used to make a slurry
with the additive to facilitate dissolution.

A series of tests with water were made for several flow rates. Three
tests under the same flow conditions were made to assure reproducibility.
Specific flows wevre repeated with the Polyox FRA solution injected, A rate
of approximately 100 ppm assured a concentration in excess of requirements
needed to attain maximum drag reduction.

b. Test Resuits

No significant drag reduction was observed with the discharge rate
maintained constant. ( < 4 percent) The contrast between the first ex-
periments (and work performed by other investigators) and this second trial
is striking. We believe the design of the experiment introduced numerous
paramete:-s for which there exists no prior experience. A further experimen-
tal investigation 1. needed to isolate specliic parameters so as to ascertain
their individusl effects,

The radial distribution patterns of water and FRA solutions are shown
in Figure 6. Both distributions lie above the minimum acceptable curve.
The FRA solution affords a slightly higher density than water at distances
greater than 5 feet. Slight foaming was observed in the FRA solution runm-
off.

-12-
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The method used to prepare or inject the FRA concentrate caused entrap-
ment of many small air bubbles, It was evident at the Flowrator that the
alr remained in susrension; the solution had the appearance of carbonated
water. This definitely had an adverse effect on the drag reduction results
and was also evident in the drop size measurements, {.e., some of the col-
lected drops had hollow centers. Precise interpretation of data concerning
the effect of Polyox FRA uvn drop size is, therefore, not available from pre-
sent data.

c. Discussion

The simple gravity fed systewn described in IlX-1 has demonstrated the
drag reducing ability of selected polymers. The pump system, tested sub-
sequently, did not show a significant change in flow or pressure. It is
believed that inadequate mixing was responsible for this unexpected be-
havior. The polymer concentrate coutained approximately 550 wt. ppmt of
polymer wvhich was injected by pressure into the core of the pipe flow to
give a concentration of 50-100 ppm. Complete mixing may not have occurred
during the transit time of approximately 38 seconds (time from injection
site to sprinkler head). It is known that the solution/pipe interface or
boundary layer is an important parameter in drag reduction and that failure
to achieve mixing in this region would have a defeating effect on antici-
pated drag roduction.

Inadequate mixing within the boundary layer reglon is considered the
mogt probable explanation of the simulated sprinkler pystem results. No
such mixing problems or absence of drag reduction were encountered in the
gravity fed systea since all sclutions were pre-mixed to the desired con-
centration.

Calculations show that a 30-gpm flow rate in the nominal 1l-in, dia-
meter pipe corresponds to a Reynolds number of 7 x 104. This value is
gufficiently large to insure a significant percent drag reduction based on
available data for similar pipe diameters (Figure 1).

An accurate estimate of the maximum attainable drag reduction that
might have been reached in this part of the test program is not currently
available due to a paucity of published experimental work on Polyox FRA
solutions in l-in. diameter pipes. Needed for this calculation is a value
for NR)cr and the dependence of R on Ny over a graphical span of at least
1 decade for this particular grade of polymer. Rough estimates indicate
that 50-60 percent drag reduction should have been achieved in our experi-
mental arrangement.
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SECTION IV

RECOMMENDATIONS

1. Resolve the apparent protlems -t the experimental design of the simu-
lated sprinkler system by isolatirg and testing individual components.

a, The first consideration should be to override the present injection
method and substitute a premixed “RA solution.

b. Following success in (a), further attempts at improved mixing
should be made, e.g., injection at the boundary layer and/or in-
sertion of an eddy plate downstream of the injection point,

2. With the experimental setup operating satisfactorily, confirmation
should be made of drag reduction, radial demsity patterns, and drop size
distributions.

3. Evaluations shcald be made of additives other than Polyox (e.g., Poly-

hall 295, Separan AP 273)., This would include mclecular weight determina-
tions by intrinsic viscometry.
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